ABSTRACT: The structures and association properties of thermosensitive block copolymers of poly(methoxyoligo(ethylene glycol) norbornenyl esters) in D 2 O were investigated by small angle neutron scattering (SANS). Each block is a comblike polymer with a polynorbornene (PNB) backbone and oligo ethylene glycol (OEG) side chains (one side chain per NB repeat unit). The chemical formula of the block copolymer is (OEG 3 NB) 79 -(OEG 6.6 NB) 67 , where subscripts represent the degree of polymerization (DP) of OEG and NB in each block. The polymer concentration was fixed at 2.0 wt % and the structural changes were investigated over a temperature range between 25 and 68°C. It was found that at room temperature polymers associate to form micelles with a spherical core formed by the block (OEG 3 NB) 79 and corona formed by the block (OEG 6.6 NB) 67 and that the shape of the polymer in the corona could be described by the form factor of rigid cylinders. At elevated temperatures, the aggregation number increased and the micelles became more compact. At temperatures around the cloud point temperature (CPT) T ) 60°C a correlation peak started to appear and became pronounced at 68°C due to the formation of a partially ordered structure with a correlation length ∼349 Å.
Introduction
The ability of amphiphilic block copolymers to form micelles with tunable dimensions and structures has triggered extensive research activities over the past few decades. 1, 2 The structure of block copolymer micelles may be manipulated by varying different parameters such as the molecular weight of each block, the overall molecular weight, polymer concentration, temperature, solvent selectivity, etc. Structural characterization techniques such as small angle neutron scattering (SANS), light scattering, and transmission electron microscopy have shown that block copolymers associate in solutions with a variety of structures (spheres, cylinders, bilayers, etc.) with insoluble blocks forming a "core" separated from the solvent by an outer shell or "corona" formed by soluble blocks. [3] [4] [5] [6] Recently, it has been demonstrated that the morphology of micelles can be changed by using mixed solvents without changing the chemistry of the block copolymers. [4] [5] [6] Similarly, studies 2,7 revealed novel structures in solutions of nonlinear block copolymers. Thus, altering the architecture of constituting blocks may provide an additional important tool for tuning the resulting micellar morphology and expand number of options available for nanoscale technologies.
Linear polymers grafted with OEG dendrons have been shown to associate to form nanofibers 8 in water. These polymers are thermosensitive and potentially biocompatible due to the presence of EG segments, which makes them of interest for various applications such as drug delivery, "smart" surfaces, etc. 9, 10 New thermosensitive polymers with two or more thermo sensitive blocks and controllable cloud point temperatures (CPTs) have been recently synthesized and studied. [11] [12] [13] The existence of CPTs at which individual polymers or micellar solutions experience abrupt structural changes was demonstrated. If each of the blocks has a different CPT, the block copolymers are expected to self-assemble in solution and form micelles at temperature close to the CPT of one of the blocks. 11, 13 Thus, aqueous solutions of poly(methoxytri(ethylene glycol)acrylate)-poly(4-vinylbezyl methoxytris(oxyethylene ether) block copolymers, revealed the existence of two CPTs, induced by dehydration of one of the blocks and the collapse of the other block. 13 In this paper we report results of the SANS study of the structure and association of the OEG-grafted PNB block copolymers in aqueous solutions at different temperatures. At low temperatures (25°C < T < 52°C) the polymers form micelles with a spherical core and a shell with cylinder-like water soluble polymers. Above the CPT (60°C) the micelles associate to form partially ordered structures with a correlation length of ∼349 Å.
Experimental Section
Materials. The chemical structure of the block copolymer studied is shown in Figure 1 , and the chemical formula of the block copolymer is (OEG 3 NB) 79 -(OEG 6.6 NB) 67 , where subscripts denote the DP of OEG and NB in each block with the polydispersity of 1.26, as determined by gel permeation chromatography. The scattering length densities (SLD) were calculated under the assumption that the density of the backbone is that of the bulk PNB (1.35 g /cm 3 ) and the density of the side chains is that of the bulk PEG (1.12 g /cm 3 ). 14 SANS Measurements. SANS measurements were performed at the National Institute for Standards and Technology Center for Neutron Research on the NG7 30 m instrument with a neutron wavelength of λ ) 6.0 Å (∆λ/λ ∼ 0.15). Two sample-detector distances were used (1.5 and 13.0 m with a 25 cm detector offset), which resulted in the overall range of the scattering vector (q) covered in the experiments 0.0042 Å -1 < q )4πλ -1 sin θ < 0.40 Å -1 , where 2θ is the scattering angle. The data were corrected for instrumental background as well as detector efficiency and put on absolute scale [cross section I(q) per unit volume in units of cm -1 ] based on measurements of the flux of the direct beam. The scattering from the solvent was measured and subtracted according to its volume fraction. The scattering function used to fit the SANS data in this study is given in the Appendix. The calculated SLD of the (EG 3 NB) 79 block is ∼ 7.9 × 10 -7 Å -2 and that of the (EG 6.6 NB) 67 block is ∼8.4 × 10 -7 Å -1, and therefore, there is virtually no contrast between the two blocks. The temperature range covered in the experiments was varied between 25 and 68°C and was controlled to better than (0.2°C using a water circulation bath. Before starting the measurements, solutions were equilibrated at each temperature for at least 60 min. The run times at each temperature at 13.0 and 1.5 m sample-detector distances were 15 and 5 min, respectively.
Results and Discussion
At a fixed length of the hydrophobic PNB backbone, the solubility of the OEG-PNB polymer in water can be tuned by varying the number of hydrophilic EG repeat units in the side chains. When the number of EG repeat units is low (e.g., 3), the OEG grafted PNB homopolymer is found to be nonsoluble in water even down to the lowest temperatures (∼4°C) just above the freezing point. Thus, the block with (OEG 3 NB) 79 is essentially hydrophobic at all temperatures. If the DP of OEG side chains increases above certain threshold value (∼4) the homopolymer becomes water soluble and thus the block with the DP of OEG 6.6 (OEG 6.6 NB) 67 is hydrophilic. Due to the different solubility of the two blocks in water, one might expect (OEG 3 NB) 79 -(OEG 6.6 NB) 67 block copolymers associate and form micelles with a core of hydrophobic (OEG 3 NB) 79 blocks and a shell of the hydrophilic (OEG 6.6 NB) 67 polymers. Only recently micelles formed by amphiphilic block copolymer polystyrene-grafted polystyrene (PS-g-PS) and polyisoprenegrafted polyisoprene (PI-g-PI) with hydrophobic PS-g-PS in the core and hydrophilic PI-g-PI in the shell were observed for the first time; 7 however, the conformation of both blocks in the micelles was not investigated. In our recent paper, we studied the conformation of an (EG 6.6 NB) 50 homopolymer with chemical composition and DP of the backbone and side chains similar to those of one of the blocks of the block copolymer studied in this work. It was shown that (EG 6.6 NB) 50 homopolymers assume the shape of rigid cylinders when dissolved in D 2 O.
14 On the basis of this experimental observation, it is reasonable to expect that the shape of the water soluble block (EG 6.6 NB) 67 in the outer shell of the micelles may also be approximated by the form factor of rigid cylinders.
SANS data from the 2.0 wt.% block copolymer solution in D 2 O taken at several temperatures are shown in Figure 2 . The upturn in the low q range of 0.003 to 0.005 Å -1 indicates the presence of large clusters. The scattering in the intermediate q range of 0.005 Å -1 < q <0.03 Å -1 , corresponds to the scattering from individual micelles whereas in the high q range of 0.03 Å -1 < q < 0.2 Å -1 it mainly comes from the local concentration fluctuations inside the micelles. What is different from the widely studied linear block copolymer micelles is that the scattering intensity follows a much steeper decay than -2 starting from q ) 0.13 Å -1 , which is believed to be related to the cylindrical structures in the shell. With increase of temperature, the scattering intensity in the intermediate q regime increases, which is attributed to the increase of aggregation number of the micelles. The small decrease of scattering intensity in the high q regime from 25 to 52°C suggests that the local conformation of the block copolymers in the micelles changes only slightly. Previous studies of poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO) triblock copolymer micelles in water also demonstrated a small variation 15, 16 or no variation 17 in scattering intensity in the high q regime. At temperatures close to the solution CPT (60°C), the scattering pattern changes dramatically in the intermediate q range and a broad peak starts to develop. The micelles inside the clusters begin to exhibit a certain degree of spacial ordering, which eventually manifests itself as appearance of the "correlation peak" at 68°C with the maximum corresponding to 0.018 Å -1 and the correlation length 2π/0.018 (Å -1 ) ) 349 Å. In the dilute solutions, block copolymer micelles are often in a disordered state. However they may self-organize to form "lattices" when the concentration is high enough.
18 SANS from the dilute turbid aqueous solutions of micelles of PEO-PPO-PEO triblock copolymers at temperatures around the CPT revealed a broad peak in the SANS curves. 15, 19 Large, micrometer-sized clusters were detected in the solution and micelles inside the clusters were organized to form a partially ordered structure, 19 and this observation is in agreement with the results reported in our study. As may be seen in the 2D scattering pattern shown in the inset in Figure 2 , the solution remains isotropic at 68°C and no significant amount of polymers precipitates to the bottom at this temperature, as confirmed by independent measurements of the neutron transmission.
Guinier analysis of the SANS data in the q range of 0.005 Å -1 < q < 0.01 Å -1 gives the scattering cross section at zero angle,I(0), and the radius of gyration of individual micelles, R g , which are shown in Figure 3 , parts a and b, respectively. The errors generated from the fitting are small; and therefore a 10% error was added to the obtained value of I(0) considering the uncertainties of the absolute scaling. The errors associated to the R g of the micelles, 7-8%, were estimated based on the obtained polydispersity of the core radius through modeling of the SANS data, which is descried later. The I(0) is proportional to the aggregation number of a micelle and its value increases with temperature. The average values of R g drops by about 10% over the temperature range of 25 to 52°C, indicating that the micelles are contracting slightly with temperature.
The micellar structure may be assessed more quantitatively by fitting the SANS data to an appropriate model. Previous SANS studies of water soluble block copolymers were mainly focused on triblock copolymer PEO-PPO-PEO in water. [15] [16] [17] [18] [19] [20] SANS data in previous studies were fitted to several models, which fall into three general categories: a homogeneous sphere, a homogeneous core + homogeneous shell and a homogeneous core + inhomogeneous shell. The last model was found to represent most closely the real micellar structure. Before fitting, assumptions had to be made regarding the core composition, i.e., whether the core represents pure PPO, PPO with certain amount of water, or PPO with a fraction of PEO. The second assumption was found to be the most plausible as the fitting results correlated with general expectations based on the fundamental physics of micellization such as growth of the aggregation number and decrease of the water concentration in the core with temperature.
The form factor of the block copolymer micelles studied in this work (see the Appendix) is a special case of a previously developed model. 21 We have modified the formalism given in ref 21 to describe the structure of micelles with a corona consisting of noninteracting chains with form factor of rigid cylinders (see the Appendix), namely core-cylinder model. The fitting parameters are the size of the core, R core , the polydispersity of the core, σ, the size of the shell (length of the cylinder), R shell , the cross section radius of the cylinder, R, and the aggregation number, N agg . A Schulz distribution 22 was used to account for the core polydispersity. We assume the core consists of (OEG 3 NB) 79 blocks and some amount of water while the (EG 6.6 NB) 67 blocks reside in the shell. The resulting fits are shown as solid line in Figure 2 and the values of the fitting parameters are given in Table 1 . The fits to the micellar form factor (without intermicellar interactions) gave values of the reduced 2 in the range 8-10. Such vauels are common to the modeling of scattering functions of the block copolymer micelles (see, e.g., ref 17 ) and the major contribution to 2 is coming from the high q domain. On the other hand, inclusion to the fitting procedure a structure factor should affect the fit mainly in the low q domain, where the quality of the fits is rather satisfactory. This brings us to a conclusion that intermicellar interactions are negligibly small and may be omitted in the model.
As may be seen in Table 1 , the aggregation number and the calculated volume fraction of polymers in the core increase with temperature, which is similar to the behavior of PEO-PPO-PEO micelles. The radial profile of the polymers in the core and in the shell is obtained by a Fourier transform of the amplitude of the core and the shell respectively. The calculated profiles are shown in Figure 4 and the equations are given in the Appendix. The average sizes of the micelles are 15-20% larger than that obtained from the Guinier analysis (Figure 3b) . We note that the values of volume fraction of the polymer in the core is rather low, especially at low temperatures. We believe this to be related to the specifics of the structure of comblike polymers: the availability of the rigid OEG side chains imposes steric restrictions which make it difficult for the (OEG 3 NB) 79 block to form a compact core. The core size initially increases and then stays roughly constant while the size of the shell decreases continuously with temperature in the range between 25 and 52°C
. Assuming that the length of a norbornyl repeat unit is close to 5 Å, 14 the contour length of the studied fully extended PNB backbone is 67 × 5 Å ) 335 Å. Thus, the (EG 6.6 NB) 67 blocks appear to be partially collapsed in the shell. The observed variation of the shell size correlates with the variation of the R g obtained from Guinier analysis (Figure 3b) and suggests that the reduction of the micelle dimensions is caused by the contraction of the polymer in the shell due to deteriorating The errors generated from the fitting are small (less than 1%). The absolute scale of the experiment has about 10% errors and therefore the aggregation number has about the same error. The radius of the core has a polydispersity of 0.15. The volume fraction of the polymers in the core is calculated through φ p ) NaggVcore-polymer/Vcore, where Vcore ) 4πRcore 3 /3. Taking into account the 10% uncertainty in the aggregation number radius, the errors associated with φ p is about 10% of its average value. solvent quality. The polymers in the shell contract by ∼ 25% from 25 to 52°C which should lead to ∼16% increase of the cross section radius of the cylinders given a fixed volume of each cylinder. It is however found that the cross section radius is not sensitive to the change of temperature and stays approximately constant at 16 ( 1 Å. We explain this result as due to the relatively small value of the cross section radius as well as possible contraction of OEG arms with temperature.
Summary
Diblock copolymers (EG 3 NB) 79 -(EG 6.6 NB) 67 associate to form micelles in D 2 O at room temperature. SANS data can be adequately fitted to the model based on a spherical core and rigid cylinders in the corona. Due to the comblike structure, the micellar core of the studied micelles is not as compact as the core of micelles formed by linear polymers. The aggregation number increases and the overall size of the micelles decreases with temperature due to contraction of the polymers in the corona as a result of deteriorating solvent quality. Above the cloud point temperature (T ) 60°C), the micelles reveal partial ordering with the correlation length ∼ 349 Å. 
Appendix
The scattering function of a micelle consisting of a spherical uniform core with many noninteracting rigid cylinders attached on its surface is approximated based on the formalism in ref 21 . It consists of four terms, the scattering of the spherical core, of the cylinders in the shell, of the interference between the cylinders in the shell and of the interference between the core and the shell. The fitting parameters are the radius of the core, R core , the size of the shell (length of the cylinder), R shell , the cross section radius of the cylinder, R, the aggregation number, N agg .
• The core term, consisting of the form factor of an uniform sphere: [V core (F core -F solvent )Φ(q)] 2 , where Φ(qR) ) 3[sin(qR) -qR cos(qR)]/(qR) 3 , F core is the scattering length density of the core-forming block, and F solvent is the scattering length density of the solvent.
• Scattering due to rigid cylinders in the shell: θ] sin θ dθ, H is the half-length of the cylinder, θ is the angle between the vector q and the long axis of the cylinder, J 1 (x)is the first order Bessel function of the first kind, F chain is the scattering length density of the shell-forming block.
• Scattering due to interferences of the cylinders in the shell: N agg (N agg -1 r 2 ) , is the radial volume fraction profile of a rod in the shell.
• Cross term due to core and shell: 2N agg 2 V core (F core -F solvent )V chain (F chain -F solvent )A chain (q)Φ(q).
The form factor is given as F micelle (q) ) N agg 2 core 2 Φ-(q) 2 -F solvent ) ) chain , V chain ) 44750 Å 3 is the volume of the shell-forming block. V core-polymer (F core -F solvent ) ) core , V core-polymer ) 33881 Å 3 is the volume of the core-forming block.
Considering the smooth decay of the scattering length density at the core-shell interface, both the form factor amplitude of the core, Φ(q), and of the shell, A chain , are multiplied by exp(-q 2 s 2 /2), where s corresponds to the width over which the density decays. 17 The radial volume fraction profile of the polymers in the core is calculated 20d by φ(r) ) (1/2π 2 )∫ 0 ∞ N agg V core-polymer Φ(q)[sin(qr)/ qr]q 2 exp(-q 2 s 2 /2) dq and in the shell is calculated by φ(r) ) 1/2π 2 ∫ 0 ∞ N agg V chain A chain (q)[sin(qr)/qr]q 2 exp(-q 2 s 2 /2) dq.
